Nitromethane (NM) is widely applied in chemical technology as a solvent for extraction, cleaning, and chemical synthesis. NM was considered safe for a long time, until a railroad tanker car exploded in 1958. We investigate the detonation kinetics and explosion reaction mechanisms in a variety of systems consisting of NM, molecular oxygen, and water vapor. Reactive molecular dynamics allows us to simulate reactions in time-domain, as they occur in real life. High polarity of the NM molecule is shown to play a key role, driving the first exothermic step of the reaction. Rapid temperature and pressure growth stimulate the subsequent reaction steps. Oxygen is important for faster oxidation, whereas its optimal concentration is in agreement with the proposed reaction mechanism. Addition of water (50 mol %) inhibits detonation; however, water does not prevent detonation entirely. The reported results provide important insights for improving applications of NM and preserving the safety of industrial processes.
N itromethane (NM; CH 3 NO 2 ) was developed in 1872 for a variety of chemical uses. 1 The versatility, functionality, and efficiency of NM make it a great choice as a chemical additive for improving performance of various industrial processes. 2 An expedient source of nitrogen, NM is a highly functional intermediate in organic synthesis, used widely in manufacturing of pharmaceuticals, 3 as component of detergents, and as a chemical stabilizer in pesticides, explosives, fibers, and coatings. 1, 2 NM was not considered volatile in its pure form until the 1950s, when numerous accidents occurred as it was being transported. 4 However, its use as fuel and an explosive 5−8 became quite common, mainly due to its low cost and safety. NM is utilized as a hobby fuel in model airplanes and racing cars, offering greater power and better performance. Explosive properties and combustion behavior of fuels based on NM have been studied at different levels, both theoretically and experimentally. 9−25 The processes involved in the shock initiation of detonation in pure NM have been studied by plate impact experiments under a steady one-dimensional strain for shock pressures ranging from 8.5 to 12 GPa. 23 The experimental results confirm the main steps of the classical homogeneous model, 26 but also show that the build-up process is more complex. When used as one of the additive components in propellants and explosives, liquid NM evaporates and mixes with air to form flammable gaseous nitromethane/air mixtures. 14, 22 The influence of the relative concentration of NM on the rate of increase of combustion pressure is relatively complicated. 14 Dilution of a liquid explosive, such as nitro-benzene, with an inert, nonexplosive liquid, such as methanol, benzene, or water, can decrease the detonation velocity and, ultimately, destroy the ability of this mixture to detonate at ambient conditions. Expected from the energetic point of view, this situation has been investigated with nitrobenzene mixtures in recent years. 18 It has been concluded that the elusive behavior of the critical mixture cannot be completely described by simplified models of one-dimensional detonation theory. 18 Computational and numerical modeling have also been sporadically used. [15] [16] [17] 21 For instance, the decomposition mechanism of hot liquid NM has been investigated using density functional theory and reactive force field (ReaxFF) molecular dynamics (MD) simulations. 16, 27 Both studies elucidate molecular aspects of pure, liquid NM, revealing detailed chemical reactions that occur during detonation. Insights regarding the reaction mechanisms governing the initiation and detonation processes have been provided.
In this work, we investigate the explosion process for a variety of systems consisting of pure NM and NM mixed with molecular oxygen and water vapor. Nonequilibrium reactive MD simulation allows us to observe reactions in real time, as it occurs in experiment. Vigorous heat emission during a short period of time stimulates subsequent reaction steps during the explosion. An interesting methodology for the observation of chemical reactions in real-time was recently introduced by Joshi and co-workers. 28 We do not use parallel replica dynamics in the present work. Rather, we record system evolution between the initial and final states, along a concentration gradient. This methodology enables us to analyze the reactive mechanisms that drive such mixtures to explosion. We provide a general description of interactions of the mixture components, revealing the differences in the detonation processes at each composition.
The MD simulations were performed using the ReaxFF methodology, as detailed in the Supporting Information. The nitromethane molecule is relatively small and simple, allowing us to perform efficient computations. The list of the simulated systems is provided in Table 1 . Ten to 50 oxygen molecules were added to each system ( Figure 1 ) to represent atmosphere. Oxidants are expected to play an important role in thermodynamics and kinetics of the explosion reaction.
Unlike methane, NM is liquid at ambient temperature and pressure with density of 1137 kg m −3 , 29 and enthalpy of vaporization of 38.25 kJ mol −1 . 30 Van Duin and co-workers have investigated this liquid at ambient conditions, and at high pressures and temperatures. The reactive model provides density of 1111 kg m −3 . The difference of only 2% from the experimental value 16 suggests a high level of accuracy in the simulated physical chemical properties. Figure 2 shows temperature evolution in the pure NM systems at different densities. Initial heating up to 1000 K triggers the first reaction step (unimolecular decomposition). Afterward, temperature grows drastically during the first 20 ps, irrespective of system density. Equilibrium in the lowest-density system (d = 317 kg m −3 ) is achieved during 40 ps. Higher density of the explosive brings higher temperature due to a larger number of chemical bonds per unit volume. Temperature exceeds 4000 K after the first 100 ps and continues to increase slowly. Interestingly, the difference between systems 2, 3, and 4 is smaller than their difference from system 1. If liberated heat is not dissipated efficiently, gaseous pressure in the reaction vessel increases by 500−2000 MPa (Figure 3 ).
Our result correlates reasonably with the recent data, where NM was simulated at high compression at 4000 K. According to van Duin and co-workers, application of 5000 MPa to NM results in a highly dense gas (d = 1111 kg m −3 ). 16 The density ( Figure S1 ) and structure of liquid NM at 300 K are in satisfactory agreement with the experimental data and previous simulation results. NM is 20% denser than water at the same conditions, making it a more energetic material. The density increase comes mainly from the larger dipole moment of the NM molecule and, therefore, stronger electrostatic attraction energy.
Atmospheric oxidants are expected to participate vigorously in the NM detonation, since metastable nitrogen and carbon containing particles need to transform into stable forms via oxidation. In particular, we envision two major reaction pathways: Formation of molecular nitrogen appears more probable, because N 2 is thermodynamically more stable at high temperatures. Formation of nitrogen dioxide is another possibility. These two competing reactions generate different amounts of CO 2 . More importantly, they provide different numbers of newly synthesized gas molecules, which affect total pressure. That is, the particular pathway must depend on applied pressure and, therefore, on system density (Table 1) . Another important observation is that different amounts of oxygen molecules are involved in the formation of NO 2 and N 2 . Indeed, oxygen-poor systems follow mechanism II, as supported clearly by the lower temperature and pressure in these systems (Figures 2 and 3) . Interestingly, the oxygenrichest system, n(NM):n(O 2 ) = 1:1, also exhibits a slower reaction rate due to formation of a variety of oxygen containing metastable particles. Temperature of the NM/O 2 mixture grows rapidly during the first tens of picoseconds and continues a slower increase beyond 20 ps. Oxygen enrichment leads to density increase (Table 1 ) and, consequently, an increase in explosion pressure. The generated pressure is roughly proportional to oxygen content (Figure 3) . Figures 4 and 5 characterize the kinetics of formation of the main reaction products, water, and carbon dioxide. Figure S2 depicts a real-time decrease of the NM content. The NM decomposition rate clearly depends on system density, but it is not sensitive to O 2 concentration. Oxygen does not participate in the first stage of the explosion reaction. Molecular oxygen is a relatively weak oxidant. Oxidation at 1000 K is a slow process as compared to the time scale of the investigated detonation reactions. Interestingly, in the presence of oxygen, newly synthesized CO 2 and H 2 O molecules are more stable than in the case of the oxygen-free detonation. The quantity of oxygen atoms obtained from decomposition of NM is enough to give rise to CO 2 only, but hydrogen atoms cannot be oxidized (to generate water vapor). A possible pathway in this case is to form some compounds with nitrogen at high temperature and pressure, e.g., ammonia. However, the content of ammonia in the reaction byproducts is negligible. If an excess of oxygen were supplied, the reaction would end with all involved elements in their highest oxidation states: NO 2 , CO 2 , H 2 O. Note that molecular oxygen is an efficient oxidant only at high temperatures, such as in the present case. Figure 6 compares reaction products in the oxygen-free systems of various density and oxygen containing systems.
More water molecules than CO 2 molecules are created in the O 2 deficient systems, while the trend inverts in the oxygen abundant systems. Modest amounts of N 2 are present in both kinds of systems. These three products are represented most, whereas a variety of other particles are formed in trace quantities (NO 2 , NH 3 , NHC, HNO, etc.). If oxygen is lacking, the amount of such byproducts exceeds 50%. An abundance of trace admixtures is also explained by a very high temperature (ca. 4000 K). The kinetic energy per degree of freedom exceeds the bond energies of many potentially stable products of NM decomposition, such as nitrogen oxides. In addition, the presence of both CO 2 and H 2 O in both kinds of systems suggests that the formation of water vapor is much more energetically favorable than the formation of molecular hydrogen or even the more reduced form of hydrogen, NH 3 . Note that the initial oxidation state of hydrogen in this reaction is −1 (carbon hydride).
NM is a popular solvent involved in a variety of industrial applications. Its safety, therefore, presents an important problem. To gain insight into how the explosivity of NMcontaining systems can be controlled, we simulated an equimolar NM−water mixture, system 12. The heat-initiated explosion was performed using the same computational procedure as for systems 1−8 (Figure 7 ). Water and NM exhibit a perfect mutual miscibility. A large amount of water does not block the explosion, but somewhat decreases the resulting temperature. Water induces strong hydrogen bonding with NM during the first stage, which was interpreted by our algorithm as the formation of a separate metastable molecule. Decrease in the water content during the first picoseconds illustrates this effect (Figure 7) . The resulting compound, CH 3 −N(O)(OH) 2 , decomposes promptly providing water and carbon dioxide.
To recapitulate, we have simulated a heat-initiated real-time explosion of NM in the absence and presence of molecular oxygen and water. While oxygen favors the detonation reaction, an excess of oxygen slows the reaction down. Such behavior is in agreement with the proposed reaction pathway. The gaseous products of the exothermic reaction generate significant pressures depending on the initial density of the reactants. Water impact on the detonation kinetics is explored for the first time, in particular, in regards to safety of NM as a popular solvent. We show that even 50 mol % addition of water does not block detonation in the case of heat-driven initiation. However, such a dilution of NM can be an important safety measure at room temperature and ambient pressure. 
